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Aging of sun-exposed skin is accelerated by three
major environmental factors: UV radiation, dryness,
and oxidation. UV radiation exposure is the most
influential factor in skin aging (so-called photoaging).
To find ways to protect against damage caused by UV
exposure and to delay photoaging, we studied
internal changes of sun-exposed skin compared with
those of sun-protected skin. We found that the
basement membrane (BM) at the dermal–epidermal
junction (DEJ) of sun-exposed skin becomes damaged
and multilayered and partly disrupted compared with
that of sun-protected skin. BM plays important roles
in maintaining a healthy epidermis and dermis, and
repeated damage destabilizes the skin, accelerating
the aging process. Matrix metalloproteinases (MMPs)
and urinary plasminogen activator are increased in
UV-irradiated skin. MMPs are detected in the corni-
fied layer in sun-exposed skin, but not in sun-
protected skin. Using skin-equivalent models, we
found that MMPs and plasmin cause BM damage
and that the reconstruction of BM is enhanced by
inhibiting these proteinases, as well as by increasing
the synthesis of BM components. Enhancement of BM
repair mechanisms may be a useful strategy in
retarding photoaging.
Journal of Investigative Dermatology Symposium Proceedings (2009) 14, 2–7;
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INTRODUCTION
Skin aging can be classified into two types: intrinsic aging and
photoaging (Tagami, 2008). Intrinsic aging is a basic
biological process common to all living organisms, and it is
characterized as an age-dependent deterioration of skin
function and structure, such as epidermal atrophy and
dermal–epidermal junctional (DEJ) flattening (Lavker, 1979).
Photoaging is a well-known consequence of chronic
exposure of skin to sunlight. Sun-exposed skin, such as on
the face or neck, appears ‘‘prematurely aged’’ in comparison
with the relatively sun-protected skin of the trunk or thigh,
and it is characterized by several clinical features, including
wrinkling, laxity, roughness, sallowness, pigmentary change,
telangiectasis, and neoplasia (Gilchrest, 1989; Griffiths,
1992). The histological features of sun-exposed skin include
cellular atypia, loss of polarity, flattening of the DEJ, a
decrease in collagen, and dermal elastosis (Lavker, 1979;
Kligman et al., 1986).
The basement membrane (BM) at the DEJ has many
functions, of which the most obvious is to bind the epidermis
tightly to the dermis (Ryan et al., 1996). It also determines
polarity for the epidermis and provides a barrier against
epidermal migration. Once the BM is assembled, each
epidermal cell recognizes the surface adjacent to the BM as
its basal surface. Stratification of the epidermis proceeds with
the proliferating cells remaining attached to the BM and
the daughter cells migrating into the upper layers (Watt,
1984; Bohnert et al., 1986; Barrandon and Green, 1987). It is
thought that BM influences epidermal differentiation and
maintains the proliferative state of the basal layer. Under
normal circumstances, BM prevents the direct contact of
epidermal cells with the dermis.
The BM may be divided into three morphological layers:
lamina lucida, lamina densa, and lamina fibroreticularis
(Inoue, 1989), as shown in Figure 1. Lamina densa is a sheet-
like structure that is composed mainly of type IV collagen.
Lamina lucida, a region between the lamina densa and
epithelium, forms electron-dense plaques, hemidesmosomes,
which consist mainly of a6b4 integrin and bullous pemphi-
goid antigen 2 (180 kDa). The BM contains unique structures
that maintain attachment to the epidermis. Components of
the attachment complex provide links to the intracellular
intermediate filament network of basal keratinocytes and to
the extracellular matrix of the papillary dermis. One of the
key components of the anchoring complex is laminin 5
(laminin 332). Earlier work has shown that laminin 332 is
essential to epidermal attachment, as mutations in the genes
encoding it underlie the severe blistering phenotype of the
Herlitz junctional epidermolysis bullosa (Aberdam et al.,
1994). Laminin 332 is processed extracellularly to a mature
form at the a3 and g2 chains by BMP-1 and other enzymes
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(Amano et al., 2000). It is clear that laminin 332 constitutes
the anchoring filaments and binds the transmembrane
hemidesmosomal integrin, a6b4, which is known to be its
receptor. With respect to binding of laminin 332 with other
components of the BM or of the papillary dermis, it has
recently been determined that (1) laminin 332 binds directly
to type VII collagen, to form the anchoring fibrils that insert
into the papillary dermis and (2) laminin 332 forms a covalent
complex with laminin 311 or 321, and this laminin 332–311/
321 complex interacts with type IV collagen in the BM
through nidogen.
The matrix metalloproteinases (MMPs) are zinc-dependent
endopeptidases involved in remodeling of the extracellular
matrix. They also play important roles in morphogenesis,
angiogenesis, arthritis, skin ulcers, tumor invasion, and
metastases (Birkedal-Hansen, 1995). Five families of MMPs
have been recognized: collagenases, gelatinases, stromely-
sins, matrilysins, and membrane-type MMPs. These enzymes
are composed of several domains, including propeptide,
catalytic, and hemopexin (except for matrilysin) domains.
They are involved in the degradation of collagens, proteo-
glycans, and various glycoproteins (Birkedal-Hansen, 1995).
Among them, gelatinase A (MMP-2 or 72 kDa type IV
collagenase) and gelatinase B (MMP-9 or 92 kDa type IV
collagenase) digest type IV and VII collagens, whereas
stromelysins (MMP-3, MMP-10) degrade laminins of the BM
(Reynolds, 1996).
Plasminogen activators (PAs)/plasmins represent one of the
most potent and widely expressed systems for extracellular
proteolysis (Saksela, 1985). PAs can be produced by
many cell types, including human epidermal keratinocytes
(Morioka et al., 1985), and they convert the widely
distributed zymogen, plasminogen, to plasmin, which de-
grades most extracellular proteins either directly or by
activating other proteases (Morioka et al., 1985; Marschall
et al., 1999). Tissue-type PA and urokinase-type PA (uPA) are
the products of distinct, but related, genes with different
patterns of expression and regulation. Physiologically, tissue-
type PA is predominantly responsible for fibrinolysis, whereas
uPA seems to be involved in pericellular proteolysis by
binding to cell surfaces through a specific, high-affinity,
glycosylphosphatidylinositol-anchored plasma membrane
receptor (Plow et al., 1986). Binding increases catalytic
efficiency and targets the generation of plasmin to the
immediate pericellular space. In skin, uPA activity was found
to be present in the stratum corneum, as well as in the
basal layer after barrier disruption (Denda et al., 1997;
Katsuta et al., 2003). The plasminogen/plasmin system in
the epidermis is thought to provide the major protease
activity involved in the delay of barrier recovery (Denda
et al., 1997).
The first skin-equivalent model was developed in 1981 by
Bell et al. (1981), who plated human keratinocytes on top of
contracted collagen gels containing dermal fibroblasts. It was
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Figure 1. Basement membrane (BM) structure at the dermal–epidermal junction (DEJ) and damaged BM structure. In the top row, the DEJ is visualized at
stepwise magnification from light microscopic scale to transmission electron microscopic scale. Hemidesmosome (HD), anchoring filament (af), lamina densa,
and anchoring fibrils (AF) are observed and form a special anchoring complex for the attachment of epidermis to dermis. The lower pictures are transmission
electron microscopic images of the DEJ of human skin. Disruption and reduplication of the lamina densa can be seen at the DEJ in the sun-exposed cheek skin of
a 30-year-old woman, whereas neither duplication nor disruption can be observed in the sun-protected abdomen skin of a 34-year-old woman. Scale bars,
200 nm.
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found to be useful for grafting wounds (Bell et al., 1981) or
burned skin (Bell et al., 1981), to explore the dynamics of BM
(Tsunenaga et al., 1998; Amano et al., 2001), and for studies
of epidermal differentiation, dermal–epidermal interaction,
and tumor cell invasion (Tsunenaga et al., 1994; Nishiyama
et al., 2000; Amano et al., 2001).
ULTRASTRUCTURAL ALTERATION OF EPIDERMAL BM IN
SUN-EXPOSED SKIN
At the DEJ of sun-exposed skin, duplication of lamina densa
was reported in aged adults (Lavker, 1979) and mouse
(Feldman et al., 1990), and these changes may result in a
more fragile epidermal–dermal interface and in a weaker
resistance of the epidermis to shearing forces in aged skin.
We observed that, even in the cheek (sun-exposed) skin of a
30-year-old woman, severe disruption and reduplication of
lamina densa were frequently observed beneath keratino-
cytes, and that the anchoring fibrils were associated with a
detached lamina densa, primarily on the dermal side
(Figure 1). On the other hand, in young, sun-protected skin,
such as the abdominal skin of a 34-year-old woman, scarcely
any alterations in the epidermal BM structure were apparent
at the DEJ (Figure 1b). In sun-exposed skin from the cheek of a
60-year-old woman, the number of layers of reduplicated
lamina densa was increased, and the laminae densae
branched in various directions. In contrast, skin from the
upper thigh of an 83-year-old woman showed very little
disruption or reduplication at the DEJ. However, after injury
that penetrates or disrupts the BM, epidermal cells lose
contact with the BM and come into direct contact with the
dermis. Under these conditions, epidermal cells modify their
behavior to cover and close the wound. Such changes
include the upregulation of proteolytic enzymes and the
conversion to a migratory phenotype.
INVOLVEMENT OF MMP IN DAMAGE TO EPIDERMAL
BM IN SUN-EXPOSED SKIN
Matrix metalloproteinases are thought to be involved in
photoaging, as MMPs-1, 2, 3, and 9 were found to be
increased by UV irradiation in experiments using human
fibroblasts (Herrmann et al., 1993) and human skin (Fisher
et al., 1996). In particular, Fisher et al. (1996) showed
an increase in MMPs in human skin after exposure, even
to an extremely low level of UVB, and they suggested
that MMPs are UV-induced aging factors. In fact, gelatinase
activities have been detected in the epidermis of fore-
head skin by in situ gelatin zymography (Inomata et al.,
2003). For further study, the skin equivalent was selected as a
model for BM damage, which partially mimics the photo-
aging process because of a missing BM at the DEJ and the
presence of large amounts of MMPs (including gelatinases
MMP-2 and MMP-9) in the culture medium (Amano et al.,
2001, 2005). An MMP inhibitor, CGS27023A, enhanced
the assembly of BM at the DEJ in the skin equivalent
(Figure 2) (Amano et al., 2001, 2005). This suggested that
MMPs play an important role in the degradation of BM and in
the induction of BM structural damage, including detachment
of the BM from basal keratinocytes and disruption of
the lamina densa, which are observed in sun-exposed skin
(Figure 1).
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Figure 2. Protective effects of matrix metalloproteinases (MMP) inhibitors
against basement membrane (BM) damage at the dermal–epidermal
junction. Skin equivalents were cultured from day 7 through day 14, with
or without the synthetic MMP inhibitor, CGS27023A. Each sample was
processed for electron microscopy at day 14. Lamina densa (arrows) was
observed along the DEJ in the presence of CGS27023A. Scale bars, 100 nm.
Ki, dissociation constant.
0.06 M Plasminogen
+ 1.5 M Aprotinin0.06 M plasminogenControl
In the presence of 10 M CGS27023A, an MMP inhibitor
Figure 3. Ultrastructural analyses of basement membrane (BM) structures at the dermal–epidermal junction (DEJ) of skin equivalents (SE). At 14 days
after plating keratinocytes, SEs were processed for the analysis of BM structures at the DEJ by electron microscopy. CGS27023A enhanced the formation of
a linear and continuous lamina densa-like structure (indicated by arrows) at the DEJ immediately beneath the basal keratinocytes. The addition of plasminogen
impaired the assembly of BM at the DEJ. Aprotinin, a serine proteinase inhibitor, restored the linear and continuous lamina densa-like structures
(indicated by arrows) at the DEJ. Scale bars, 200 nm.
4 Journal of Investigative Dermatology Symposium Proceedings (2009), Volume 14
S Amano
Basement Membrane Damage in Photoaged Skin
INVOLVEMENT OF PA/PLASMIN IN DAMAGE TO THE
EPIDERMAL BM, DEGRADATION OF LAMININ 332,
AND REDUCED ACTIVITIES OF LAMININ 332 IN
KERATINOCYTE ADHESION AND TYPE VII COLLAGEN
BINDING
UVB exposure increases the synthesis of uPA (Miralles et al.,
1998; Marschall et al., 1999), as well as MMPs (Fisher et al.,
1996). Both uPA activity and uPA are present in the
conditioned medium of skin equivalents, and the addition
of plasminogen enhances the degradation of BM components
and impairs the assembly of BM at the DEJ, even in the
presence of an MMP inhibitor (Figure 3) (Ogura et al., 2008).
Aprotinin, a plasmin inhibitor, restores the assembly of BM at
the DEJ when damaged by the addition of plasminogen
(Figure 3).
As the lamina densa may be detached at the anchoring
filaments from basal keratinocytes in sun-exposed skin
(Figure 1), laminin 332, a major component of anchoring
filaments, is a candidate target of plasmin. As expected,
plasmin degrades the a3 and b3 chains of laminin 332,
although the g2 chain is unaffected (Figure 4). Plasmin
cleaves both the amino and carboxy terminals of the a3
chain, and these cleavages reduce the keratinocyte adhesion
activity of laminin 332 (Figure 5). Similarly, removal of an
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Figure 4. Degradation of laminin 332 by plasmin and analyses of its cleavage sites. The processed form of laminin 332 was purified from a conditioned
medium of human keratinocytes and incubated with plasmin for 24 hours at 371C. SDS-PAGE on 5% acrylamide gel under reducing conditions and western
blotting using polyclonal anti-laminin 332 antibodies was carried out. Lane 1, processed form of laminin 332; lane 2, plasmin-treated laminin 332. From
the N-terminal amino acid sequences of the separated 145, 140, 110, and 105 kDa bands, cleavage sites in a3, b3, and g2 are indicated by arrows on the
schematic domain structures of laminin 332. Predicted cleavage sites of a3 chain are shown in G-3. As the N-terminal sequence of the a3 chain is DSSPA,
which is the same as that of the 150 kDa fragment of the a3 chain, plasmin cleaved a 5 or 10 kDa fragment from the LG3 domain of the 150 kDa a3 chain,
in which the putative cell adhesion region, LRD, is present. An amino terminal fragment (domain VI) was removed from the b3 chain, which is reported
to show the affinity for non-collagenous domain 1 (NC1) of type VII collagen.
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Figure 5. Dysfunction of plasmin-treated laminin 332. (a) Laminin332 degraded by plasmin showed lower keratinocyte adhesive activity than did control
laminin 332. Purified plasmin-treated laminin 332 (open circle) and control laminin 332 (closed circle) were coated on 96-well plates and keratinocytes
were added. Attached cells were quantitatively measured with the AlamarBlue assay. (b) Laminin 332 degraded by plasmin (open circle) showed reduced
binding to type VII collagen as compared with control laminin 332 (closed circle). Purified type VII collagen was coated on 96-well plates and purified
plasmin-treated laminin 332 (open circle) or control laminin 332 (closed circle) was added. After washing, bound laminin 332 was detected using polyclonal
anti-laminin 332 antibodies.
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amino terminal fragment (domain VI) from the b3 chain
by plasmin (Figure 4) results in a reduction in its affinity
for type VII collagen (Figure 5). Therefore, degradation
of laminin 332 by plasmin may induce BM damage,
such as the detachment of lamina densa from basal
keratinocytes.
ENHANCED BM ASSEMBLY IN THE PRESENCE
OF LAMININ 332 AND IN RESPONSE TO
INCREASED SYNTHESIS OF BM COMPONENTS IN
A SKIN-EQUIVALENT MODEL
Damaged BM must be repaired, as it plays important roles
in maintaining a healthy epidermis and dermis. To find
substances that stimulate the repair of damaged BM, we
selected, for screening purposes, a skin-equivalent model,
which is suitable for investigating the assembly of BM
through cooperation between keratinocytes and fibroblasts.
Purified laminin 332, a glycoprotein (MW: 410 kDa) com-
posed of 165 kDa (a3), 140 kDa (b3), and 105 kDa (g2)
chains, enhances the formation of hemidesmosome-like
structures and BM at the DEJ in the skin equivalent.
Keratinocytes synthesize BM components, except
nidogen. Fibroblasts also produce BM components other
than laminin 332. We recently found that increasing the
production of BM components, such as laminin 332, collagen
IV, and collagen VII, in keratinocytes and/or fibroblasts
with/without inhibitors of gelatinases and/or serine protei-
nases is also effective in enhancing the repair and assembly
of BM.
CONCLUSION
The disruption and reduplication of BM at the DEJ in sun-
exposed skin may be associated with increases in BM-
damaging enzymes, such as plasmin and MMPs, which
degrade the BM components (laminin 332, and type IV and
VII collagens). The impairment of BM structure may be
associated with functional changes in epidermal and dermal
cells, and consequently may facilitate the aging process by
damaging dermal extracellular matrices and inducing kera-
tinocyte abnormality, as summarized in Figure 6. Laminin
332 is able to enhance BM assembly (Tsunenaga et al., 1998).
Some cosmetic ingredients also promote BM repair by
increasing the synthesis of BM components, such as laminin
332, and type IV and VII collagens, in the epidermis and/or
the dermis. Hence, BM represents a good target for skin-care
products; components that enhance BM repair may improve
epidermal–dermal communication and skin homeostasis,
thereby strengthening defenses against ‘‘skin aging’’.
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